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Abstract
The shielded pair resonator technique is used to measure the surface resistance of
the copper coated LHC beam screen both at room temperature and at cryogenic
temperature with a strong magnetic field up to several Teslas, like in the LHC
superconducting magnets. From its concept, the RF-based measurement principle
appears to be straight forward, but it turns out in practice to be very sensitive to a
large number of parameters which are being described in the present report. Some
practical hints are proposed to overcome these technical hitches and optimize the
geometry as well. An estimate of the thermal load of the LHC beam screen is
given, standing in the range 200-250 mW/m for two circulating beams.
31. Aim of the experiment
The LHC superconducting dipoles are to operate at liquid Helium temperature. Hence the temperature of
the cold bore of the beam pipe placed inside these dipoles must be kept at ~ 2 K. The proton beams
circulating through these bending magnets generate synchrotron-radiation (peak around 40 eV) and related
parasitic effects as well as RF losses which heat up the beam pipe and consequently would trigger a
catastrophic thermal quench. A solution to this problem is to implement an additionnal tube, namely a beam
screen, located inside the beam pipe which is allowed to operate at higher temperatures - up to 20 K - to
prevent the incoming photon flux from hitting the cold bore of the beam pipe. Therefore it is of major
importance to have an estimate of the cryogenic heat load onto the beam screen in order to establish its
incidence on the cryogenic budget.
One of the undesirable phenomena that contributes to the thermal load is the beam-induced resistive wall
heating. The key element to this effect is the surface resistance which is frequency dependent and which is
sensitive to the coating preparation technique, and in particular the surface roughness. For that purpose a
resonator was developed to measure this parameter (effective resistance) in the range 150 – 2300 MHz at
room temperature as well as in a cryostat. This device, however, is susceptible to a significant amount of
technical parameters which are being explicited in the following sections. Improvements brought to the test
stand are described in a chronological sequence and the user will be given practical hints and guidelines for
future measurement campaigns. The latest version of the resonator is resumed in the final section.
2. Experimental set up
2.1. Measurement principle and hardware description
Two cylindrical inner conductors are placed in parallel inside a tube which is the Device Under Test
(DUT). The measurement principle consists in exciting Transverse Electromagnetic Modes (TEM) with a
Vector Network Analyser (VNA). As shown in Figure 1 and in Figure 2, the phase shift between the inner
conductors, 0° (even mode) and 180° (odd mode) is obtained by an external hybrid circuit.
Odd mode excitation (∆) Even mode excitation (Σ)
Figure 1: Excitation principle of the shielded pair resonator. The field lines are represented by dashed lines.
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4Odd mode excitation (∆)
Even mode excitation (Σ)
Figure 2: Excitation of the resonator by an external hybrid circuit. Input and output RF signals are generated and
monitored by the network analyser through two hybrid circuits (0°/180°) splitting the signals.
Figure 3: Relevant parameters of  the resonator geometry.
Figure 4: Electric field pattern in the resonator. The first four harmonics are represented.
Basically in a coaxial resonator, the fundamental mode is determined by the length of the inner
conductor, here 925 mm which is equal to λ0/2 and gives a resonant frequency of f0 = c/λ0 = 162 MHz, if one
neglects the influence of the end capacity of the rods. The following harmonics are given by f
n
 = n × f0 where
n
 is an integer. Note at half the resonator length the electric field is zero for odd harmonic numbers, and
maximum for even harmonic numbers (Figure 4).
The device is a 1.2 m long and 39.2 mm diameter cylindrical resonator with two copper-coated inner
conductors of 16 mm diameter each. The coating technique of the DUT results from the co-lamination of a
sheet of copper and a sheet of stainless steel (UNS21904 grade), which was then rolled and welded to form a
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5The technical choice for non-superconducting material is motivated by
• the requirement to be tested in a high DC magnetic field,
• the absence of quench phenomena,
• its versatile handling,
• the capability to work on a wide temperature range,
• the acceptable price for the hardware.
The inner conductors are held by three internal teflon supports (ε’ = 2 and loss factor tan(δ) = 10-4). The
two end side supports are disk-like structures, placed 23.5 mm from the inner conductors end side and fixed
to them by brown teflon scelar tape. The centered body has a more complicated shape and is fixed by two
nylon pins which are inserted in the inner conductors. The gap between the centre of the inner conductors is
set to a = 19.2 mm. This configuration yields degeneracy of the two excitation modes. To remove this
degeneracy, teflon Mode Splitters (MS) are placed between the inner conductors. Note they are not of equal
lengths. Finally the resonator is coupled to the VNA via two pairs of antennas which consist of 35 mm long
semi-rigid SMA cables terminated by metallic disks. Unless specifically mentioned, the resonator is
supposed to be at room temperature.
The cables are connected to the hybrid devices (Anzac H-9, range 2-2000 MHz) in a given excitation
configuration (see Figure 3). A schematic representation of the test stand in the odd mode is given in Figure
5. Then S parameters and loaded Q are recorded from the fundamental frequency to the highest harmonic
achievable, without running into wave guide modes (High Order Modes). Thereafter the hybrids are
connected from ∆ to Σ excitation.
Figure 5 : Initial layout of the experimental setup in the odd mode excitation. l = 35 mm, a = 19.2 mm
2.2. Data analysis
In a two port resonator, the loaded quality factor Qload at resonance ω0 is related to the dissipated power in












































RF quantities measured in a given mode at a given resonance frequency are Qload , S11, S22 and S21. From S
parameters one gets |ρi|. Deducing βI ’s gives Qwall.
      teflon MS a = 19.2 mm                  teflon MS













6More explicitely, Pwall is the total power dissipated by the inner conductors and by the outer conductor.
































where Rsi and Rso are the surface resistance of the inner and of the outer conductors, Γi,∆, Γo,∆, Γi,Σ and Γo,Σ
are geometrical factors. The last four quantities which are also frequency dependent have to be computed [2]
to solve the system of two equations with two unknowns Rsi and Rso, assuming that the two inner conductors
have identical coating characteristics. The variation versus frequency of the surface resistance of both inner
conductors and DUT is obtained by solving this system for each TEM mode. The function Rso(ω) then is
used to calculate the parasitic power dissipation per unit length in a circular beam screen :






















av is the average beam current, M the number of bunches, f0 the revolution frequency, c the
velocity of light l the perimeter of the beam screen cross section and ( )ωλ~  the bunch spectrum.
3. Parameters affecting the measurements and cures
The common elements to all experimental results described in this part are the outer tube and the two
inner conductors.
3.1. Variation of the coupling distance g
Without calibration when the coupling distance g on each side is adjusted to get a low S11 reflection level
– say lower than 0.1 dB – then it is possible to measure at up to the 12th harmonic (Figure 6). The
fundamental frequency for each mode is f1,Σ = 156.9 MHz, and f1,∆ = 153.17 MHz. As the coupling is
increasing with frequency, the higher the frequency, the larger g is. Such adjustment could not be done in a



















Figure 6: Loaded Q vs frequency in the even and the odd modes.
3.2. Trapped mode
The coupling antennas and its holder are schematically represented in Figure 7. Two different
configurations are being tested in conjunction with changes of the mode splitting blocs. Details of the
7successive modifications are given in Table 1. Here the coupling distance g was kept constant at about
15mm during the tests. However as the disks were removed in the configurations 4 and 5, it was necessary
to reduce g to ~ 8mm to get more capacitive coupling.















1 23.5 mm y y, inner
side
y 15
2 23.5 mm y y, outer
side
y 15
3 10 mm y n y 15
4 10 mm n n y 8
5 10 mm n n y, thick 8
Table 1: Description of the differents trials for optmisation of the resonator.
Q measurements in both modes was performed but only odd curves are represented in Figure 8 to avoid
overloading. The two plots refer to measurements with and without coupling disks.
The configuration #1 results in insufficient mode splitting above 1.1 GHz, despite the use of a pair of
20 mm long Teflon MS. For instance, in the odd mode, one should only observe a single resonance peak at a
given frequency. But the displayed signal showed two overlapping traces, the second one being the residual
response of the even mode.
The displacement of the mode splitters to the outer side, and facing the disks leads to sufficient mode
splitting. But the loaded Q was strongly attenuated in the range 1 - 2GHz, with a minimum of Q occuring at
1.5 GHz.
In the configuration #3, the supports were displaced from 23.5 mm to 10 mm from each side of the inner
conductors, and the mode splitters were removed. The first 2 harmonics were degenerated and the
attenuation of Q was still there.
It had been suspected that the set {antenna holder + disks} could act as a resonator inducing trapped
modes. The disks were removed and it was necessary to push in the antenna holder for more coupling. The
distance g was lowered to ~8 mm or so (configuration #4). The first two harmonics were degenerated but the
Q attenuation shifted up to 1.75 GHz and shown in Figure 8b/.






































Figure 8: Odd mode setting.  a/ config #1 = grey square,  config #2 = white diamond, config #3 = black triangles;  b/
config #4 = black circles,  config #5 = white squares.
This set of measurements have shown that the antenna holder acts as quarter wave length resonator.
MAFIA calculations confirmed [3] :
1. trapped modes at 1.5 GHz and 1.75 GHz with the present settings,
2. a shift up above ~ 2.6 GHz of the cut-off frequency when the probe length was shortened to 20 mm. The
phenomenon could not be observed in the plots of Figure 6 as the coupling distance was increased with
frequency to optimize for low reflection signal (S11) and hence the cut-off frequency shifted down.
The following modifications on the coupling system were undertaken (see Figure 9):
• remove all coupling disks,
• shorten the total length of the antennas down to 20 mm : 17 mm microwave semi-rigid cable (0.141 inch
diameter) connectors outer conductor + 3 mm with inner conductor only,
• keep the coupling distance g constant at 5 mm,
• remove the mode splitters
• place the two edge supports at the end side of the inner conductors. For mechanical reasons they are
placed 1 mm from the bore.
Figure 9: New coupler dimensions expressed in mm.
3.3. Electrical delays
Excitation and measurement signals are transmitted through flexible microwave laboratory cables (with
SMA connectors) whose propagation time is 47 ps along 10 mm. If the two pairs of cables connecting the
resonator extremities side to the hybrids are of unequal length (typically a few mm difference) then delay-
induced asymmetric excitation occurs. Using a set of cables of equal electrical length (not necessarily equal
mechanical length) i.e. working in a symmetric configuration leads to a nearly perfect suppression of the
parasitic overlapping curves as already mentioned above. The teflon mode splitters are no longer required in
this case. Figure 10 compares the transmission curves of the 7th harmonic with a set of cables having 108 ps
1    5     3         17
9delay offset and without delay offset. However the induced error in Q mesurement is less than 0.2 % over
the whole working range due to the sharp resonance (more than five times the –3 dB bandwidth away).
S21 (dB) – EVEN Mode











Figure 10 : Sensitivity for cable length errors : S21 plots for the 7th harmonic a/ with different cable length with a
108 ps delay offset (dashed line) and b/ symmetric cables (solid line). However, the loaded Q measured is not affected
by the electrical delay. Note the teflon MS were removed here.
3.4. Hybrid circuits
3.4.1. Hybrid-induced pertubation
The hybrids circuits split an input signal into two signals of half amplitude in power (-3 dB) either in
phase (0°) or with opposite phases (180°). This device however does not provide a flat response both in
reflection and in transmission but yields oscillations which increase in log scale amplitude towards higher
frequencies. A typical S11 characteristics in the odd mode from the Anzac hybrid (H-183-4) in its working
range 30 to 3000 MHz is shown in Figure 11a below. The hybrid Anzac type replaces the previously used
Anzac H-9 which does not cover our frequency range requirement.
An example for the 9th harmonic absorption curve is displayed at higher magnification in the next figure,
illustrating the residual mismatch from the hybrid (around –20dB typically) and a nearly full mismatch from
the end of the cables where the coupling network is located. The periodicity of the oscillations in the
frequency domain is directly linked to the length of the cables between the hybrid and the resonator. Here
we have an error vector of ~ 10 % of the voltage of the incident wave, corresponding to –20 dB as
mentionned above. This leads to a variation in S11 of about ± 1 dB.
Figure 11c shows a simple way to obtain a nice absorption curve which consists in aquiring data first
when the couplers are set at their optimum position (solid line), and secondly when they are set for
vanishing coupling, i.e placed 100 mm away from the inner conductors so as to get the reflected signal alone
(dashed line). Then substracting the vanishing coupling response to the normal one returns the required
aborption curve (see Figure 11d).
This data processing technique may be likened to a kind of calibration in which attenuation coefficients
from RF cables are taken into account. The limitation of the technique is due to the uncontrolable offset
introduced by handling and flexing of the RF cables which modifies their attenuation factor by a few tenths
of dB. However the absorption depth  (notch depth) is not affected as shown in Figure 12b.
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Figure 11: Oscillations of the reflected signal S11 -in dB- caused by the imperfect hybrid circuits and the connection
cables (plots a/ and b/). A simple way to get rid of these is to set the resonator for total reflection of the incoming
signal (plot c/dashed line) and substract it to the normal setting signal (plot c/solid line). This returns the pure
absorption response of a given harmonic (plot d/).
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Figure 12: A signature for equal coupling on both sides of the resonator is given by two equal reflected signals S11





3.4.2. Symmetry cross check
The resonator is sensitive to mechanical tolerances. In order to avoid uncontrolled perturbing
contributions in the measurements, it is important to remove mechanical asymmetries and use equal length
RF cables. Comparing the S11 and S22 reflection responses from both sides of the resonator excited e.g. in the
9th harmonic, allows a simple symmetry cross check. Indeed S11 and S22 should have equal amplitudes as
shown in Figure 12 where S11 (solid lines) and S22 (dashed lines) are plotted together for both modes.
3.4.3. Comparison between two hybrids
The perturbations shown in Figure 11a/ are device dependent. It was therefore interesting to check out
the reproducibility of the measurements with respect to the hybrid type. A second pair of hybrid circuits
from a different manufacturer, namely Anaren trademark (2000–4000 MHz) was tested and compared with
our standard Anzac trademark (30 – 3000 MHz). An example is shown in the following figure, where the
reflected signals at 1751 MHz are measured and processed as described in the previous section. The ratio
between the “normal” coupling signal and the “vanishing” coupling signal shows that the signal change
induced by using hybrid circuits from different manufacturers is negligible.
a/ S11 (dB)  b/ S11 (dB)
Frequency (Hz) Frequency (Hz)
c/ S11 (dB)
Frequency (Hz)
Figure 13: S11(dB) measured around 1751 MHz  using two differents pairs of hybrid circuits in the experimental setup




3.5. Nylon pins to get the supports fix onto the inner conductors
To fix the three supports onto the inner conductors, the latter are drilled to insert a 3 mm diametre nylon
pin through the conductors. Nylon material was chosen for these pins as a compromise between electrical
and mechanical requirements. Teflon was tried initially but turned out to be too weak mechanically. The
holes in the supports contain runners in which one can slide and twist the pin to keep it fixed. In order to
minimize the RF losses induced by the nylon pins, it is necessary to set them perpendicular with respect to
the plane defined by the axis of the two conductors (Figure 14).
a/
b/ c/
Figure 14 : a/ Nylon pins are inserted into the teflon disk to fix it. b/Right and c/ wrong orientation  to lower RF
losses
A comparison is given in the next plots with the transmission S21 versus frequency of the fourth harmonic
for the even, odd and mixed mode excitation. The latter is obtained by plugging one hybrid circuit in the Σ
mode on one side of the resonator and one hybrid circuit in the ∆ mode on the other side. This configuration
is useful to check the symmetry of the experimental setup.
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Figure 15 : Effects of the pin orientation. Here the gap between the inner conductors is a = 20.8 mm.
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3.6. Effect of the teflon supports
3.6.1. Residual response
The supports holding the inner conductors are thought to cause measurement perturbations. Three
different support types were tested here for a qualitative study of their effects (Figure 16). However the
reader can refer to [4] for a theoretical consideration.
The items used are :
1. edge filed supports with runners for the nylon pins, a = 20.8 mm : red line
2. edge filed solid supports, fixed onto the conductors with teflon scelar tape, a = 19.5 mm : blue line
3. supports with runners for the nylon pins (no mechanical filing applied), a = 19.4 mm : black line
This filing was necessary as it turned out that the DUT tube was not perfectly circular in cross section as
a consequence of the production process. Note that the pins have been vertically orientated, as recommended
in the previous section. The resonance plots of the first three harmonics are represented below both in the
even and in the mixed mode setting. Each trace corresponds to a given type of support .
As can be seen on the mixed mode plots (Figure 16), the use of additionnal teflon scelar tape introduces a
mode splitting effect, especially for the first harmonic. In theory, the even and the odd modes should not
interact and one should observe a single resonance peak, instead of two peaks (see even mode traces). The
measurements from the configurations #1 and #2 whose supports had been mechanically filed, favor this
interaction. It is likely due to parasitic capacitors related to uncontrolled air gaps (not perfect circular cross
section of the DUT) between the outer tube and the supports. For the configuration #3, the residual response
is virtually eliminated for all frequencies but the fundamental one. Further, the relative frequency shift
between the odd and the even mode is reduced to 675 kHz which is in good agreement with the MAFIA and
HFSS simulations [4].
3.6.2. Ripples of loaded Q versus frequency
A set of measurements was performed with the centre support having a smaller gap a (see Figure 17)
than that on the supports1 close to the end of the rods. In addition, this flaw was combined with an unknown
orientation of the pins, this effect being not yet investigated at that time. The results are concurrently shown
in the Figure 18 with those from the version #3 of the previous section. The variation of the loaded Q versus
frequency is plotted for both odd and even mode excitations. From the deduced fits (power or least mean
square), one gets the relative change in Q, i.e. (Qmeas-Qfit)/Qfit as a function of the harmonic number. A similar
representation of the relative change in frequency (f
meas-ffit)/ffit is obtained from the linear fit  of the measured
frequency versus the harmonic number.
The ripple featuring the curves of the loaded Q and the surface resistance versus frequency were
interpreted in terms of either localised defects, such as scratches observed on the coated surface and
emphasized by strong magnetic fields, or dielectric losses in the centre support where the electric field is
maximum for even harmonic numbers, or even some residual mode coupling [1, 5]. The relative variation of
the frequency remains stable along the working range except the first harmonic. The wrong orientation of
the pins is likely causing the frequency shift. The measurements are very sensitive to dielectric-based losses.
These effects can be minimized provided some basic rules are followed leading to an optimization of the
measurement technique.
                                                  
1
 The author is grateful to H. Tsutsui who spotted this flaw.
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Figure 16 : Loaded Q measured for the first three harmonic in both even and mixed mode. The labels #1, #2 and #3




















Figure 17 : The gap between the two inner conductors is smaller at the centre support than at the two extreme
supports.
ODD Mode EVEN Mode


























































































































Figure 18: Measurements from two sets of teflon supports : one set with varying gap a and unknown pin orientation,
another set with three identical supports and vertical pin orientation.
  
a2 = 19.2 mm  a1 = 20.8 mm   a1 = 20.8 mm
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3.7. Mounting hints
3.7.1. Orientation of the inner conductors
The outer conductor is either made of a rolled single sheet and welded, or consists of two half shells that
are laser welded . As the interaction areas are localised mainly between the inner conductors in the ∆ mode,
and between the outer tube and the inner conductors for the Σ mode, these areas must be representative of
the coating, and hence must be defect free. One should pay attention on the orientation of the welding line
which has to be perpendicular to the plan formed by the two inner conductors. As said earlier, due to the
parameters of the non penetrating laser welding process, the amount of deformation is considerably reduced
as well as the damage on the copper coating. However to ensure sufficient mechanical strength during a
magnet quench, the welding has to be penetrating. These measurements show that it is highly desirable to
limit this penetration to the minimun possible.
Figure 19 : Orientation of the inner conductors.
3.7.2. RF multi-contact
A good electrical contact between the inner walls of the DUT and the antenna holder is ensured via RF
multi-contacts (blades). In a first version, this contact was brazed onto the brass holder. Owing to frequent
handling, these fragile contact fingers broke which locally prevent an homogeneous distribution of the
surface current on the inner walls of the tube. A better technical solution consists in replacing the brazed
type by a new one which can be inserted in the brass holder by slipping the multicontact into suitable
runners.
Figure 20 : Fragile multicontact blades replaced by a slipping type.
3.7.3. Position of the antenna holder with respect to the inner conductors
Needless to say, the coupling antennas must face the two inner conductors. In order to prevent any error,
it is useful to check out the right orientation of the coupling antennas before closing the resonator.
Figure 21 : Right setting of the couplers that must face the inner conductors.
+ +
interaction area interaction area
∆






According to MAFIA calculations [6], the determination of the surface resistance is also sensitive to
mechanical tolerances (e.g. variation in the gap a) and Q uncertainties. The author computed the impact of
these errors for different inner conductor diametres and different gaps, the diametre of the DUT being
imposed by the LHC beam screen geometry. Figure 22 shows that a low quality factor measurement error is
a pre-requisite condition for precise surface resistance calculations.
It clearly appears that the optimum geometry to get accurate measurements is 16 mm < a < 20 mm and
6 mm < d < 10 mm. However the predictions have not been checked experimentally for many practical
reasons. For historical reasons our inner conductors are 16 mm diametre, so one should expect a resolution
of 3.5 % at the best, if a = 19.4 mm. It has been decided to set a = 19 mm for the final version.


















































Figure 22 : Theoretical optimization of the resonator geometry for high resolution measurements. These calculations




By solving a large amount of technical hitches, the measurement technique has been significantly
improved. This leads to :
1. a good reproducibility of the measurements
2. an attenuation of the ripples
3. a wider working range, from the fundamental harmonic 155 MHz up to 2.3 GHz.












Top view of the resonator Detail of the couplers
Figure 23 : Relevant geometry of the latest shielded pair resonator for the surface resistance measurements.
5. Experimental results
5.1. From the prototype to the (nearly) latest version
The same basic elements {inner conductors + outer tube} have been tested in two different
configurations : i/ the initial test prototype described in the section 2.1 (black triangle, solid line) and ii/ the
configuration #3 described in the section 3.6.1 where a = 19.4 mm (white box, dashed line). The comparison
is shown in Figure 24. The left hand side plot represents the variation of Rsi(ω) of the inner conductors,
obtained with both resonators. Unexpectedly, the two curves are different although the same pair of rods
were used. The right hand side plot represents the variation of Rso(ω) of the DUT. Once again different
curves are obtained from the same outer tube.
If one excepts the last two points above 2.3 GHz, the surface resistance curves obtained with the
improved resonator do not feature ripples as observed initially with the prototype. Further the solid lines
from each plot show that the inner conductors and the DUT have similar copper coating characteristics. The
new upper limit of the working range is about 2.3 GHz, as compared to 1.6 GHz intially. The limitation is
likely due to a combination of trapped modes and high order modes. Consequently, if the parasitic
contribution of the dielectric losses could be reduced, one might expect lower surface resistance values.
Hence the cryogenic heat load of the LHC beam screen which was initially estimated with the prototype
should be smaller.
Surface resistance of the inner 













Surface resistance of the DUTs













Figure 24 : Surface resistance curves of the conductors measured with the prototype (white box) and with the setting
#3 described in section 3.6.1 where a = 19.4  mm (black triangles).
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5.2. Test tubes for the LHC beam screen
5.2.1. Preparation technique and physical properties
The LHC beam screen will be made of P506 grade stainless steel, which is the final technical choice. The
OFE copper foil contains more than 99.99 % Cu and has a resistivity of 1.7x10-8 Ω⋅m at room temperature.
The high initial value of the Residual Resistance Ratio (RRR) equals 200.  After co-lamination, the RRR is
reduced to about 50 due to the cold deformation. The subsequent annealing process at 920 °C for five
minutes in hydrogen atmosphere increases the RRR value to about 150 (measured).
The co-laminated sheets undergo an additional mechanical treatment on thier inner surface to create a
ribbed structure, sawtooth shaped in the median plane to reduce the reflectivity [7] and hence the photo-
electron yield from the incoming synchrotron radiation. The half shells are pressed with a steel mandrel on
the copper side and a polyurethane cushion on the stainless steel side. During the final forming of the beam
screen the RRR value is reduced again. Measurements were done for the beam screen geometry with
UNS21904 material (previous stainless steel grade used) and one could find a reduction from 90 to 60. For
our circular tube, and starting with a value of 150, the final RRR is probably around 70 or 80.
5.2.2. Experimental results
A set of four new tubes, three with smooth surface and one having ribbed structures, has been measured
at room temperature using the latest experimental setup described in part 4. The same pair of inner rods is
used for these four tests, and the results are presented in Figure 25. The solid line represents the surface
resistance of copper in the classical regime. It is expressed as a function of  the angular frequency ω and the
resistivity ρ of the copper foil :
( )
2
0ρωµω =sR  [Ω]
Surface resistance of the inner 
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Figure 25 : Surface resistance plots of the conductors measured with the latest version of the experimental setup. The
tubes underwent the co-lamination process of the LHC beam screen. The white signs (rounds, squares and triangles)
refer to the results obtained from the three resonators mounted with a smooth copper coated tube. The black boxes
refer to the measurements performed with the outer tube having ribbed structures on its copper coating. The solid line
represents the surface resistance in the classical regime,  with ρ0 (300K) = 1.7x10-8 Ω⋅m.
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As expected, it can be seen that the inner rod characteristics are reproducible whatever the resonator
(DUT). The error with respect to the theoretical curve exceeds 5 % for 3 points out of 52. It remains below
4% over the working range for the others. These values are consistent with the predicted figure of 3.5 %
given in section 3.8 which demonstrates the reliability of the measurement technique. Further, the curves do
not feature large ripples observed in the past.
Turning to the surface resistance of the four outer tubes, the effect of the forming process is not
negligible and leads to an increase of the resistivity. This light degradation is likely due to the surface
roughness which has a clear incidence on the physical properties of the copper coating [1, 8].
From the measurements, the resistivity of the ribbed Cu tube is estimated to be around 2.15x10-8 Ω⋅m.
This figure is used to estimate the cryogenic heat load of the LHC beam screen as a function of the RRR for
three different regimes of the skin effect theory, as described in ref [1]. The classical regime is given by the
above equation. The anomalous skin effect theory [9] takes into account the reduction of the skin depth δ at
high frequencies if compared to the mean free path length λ of the conduction electrons at low temperature.
An interpolation formula predicts :
( ) ( )276.0157.11 −
∞
+= αω RRso , for α ≥ 3




































R , and is expressed in [Ω].
The empirical regime is deduced from past cold measurements with the shielded pair resonator
(prototype). Here Rso was found to be 30 to 60% larger than in the anomalous regime with or without strong
magnetic field.
Hence for a Gaussian bunch with r.m.s. bunch length of 7.5 cm, the value of the beam-induced resistive
wall heating of the LHC beam screen with radius of 17.4 mm, at top energy and for nominal beam
parameters, is computed with the following formula presented earlier in section 2.2.























where the average beam current I
av
 = 0.56 A, the revolution frequency f0  = 11.2455 kHz and M = 2835
bunches. From Figure 26 the RRR value standing in the range 70 - 80, the power dissipation including the
magneto-resistance effect in the empirical regime is expected to be around 200 – 250 mW/m for two
circulating beams. These estimates will be further checked by cold measurements, planned for next spring.
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Estimate of the cryogenic heat load of the LHC beam 































Figure 26 : Thermal load of the LHC beam screen for nominal parameters versus RRR and skin effect regimes. From
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